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1 | INTRODUCTION

| Christopher M. Martinez® | Melanie L. J. Stiassny?

Abstract

To investigate the presence of cryptic diversity in the African longfin-tetra
Bryconalestes longipinnis, we employed DNA barcoding in a phylogeographic context,
as well as geometric morphometrics, documenting for the first time genetic and body
shape variation in the species. Analysis of cytochrome oxidase | gene (col) sequence
variation exposed extremely high levels of genetic differentiation among samples
from across the geographic range of the species (up to 18%), certainly much greater
than the traditionally employed c. 3% sequence divergence heuristic threshold for
conspecifics. Phylogeographic analyses of col data revealed eight clusters/clades that
diverge by >4% and up to 18% (p-distance), potentially representing cryptic members
of a species complex. A clear biogeographic pattern was also uncovered, in which the
two main col lineages corresponded geographically with the upper Guinea (UG) and
lower Guinea (LG) ichthyofaunal provinces of continental Africa, respectively. Within
each of these main lineages, however, no apparent phylogeographic structuring was
found. Despite strong genetic differentiation, there is considerable overlap in body
shape variation between UG and LG populations. For the most part, morphological
variation does not match the strength of the molecular phylogeographic signal.
Therefore, the ability to reliably utilise external body shape for regional delimitation
remains elusive. Further anatomical investigation appears necessary to establish
whether compelling diagnostic morphological features do exist between the diver-

gent lineages of the B. longipinnis complex uncovered in this study.
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fronto-parietal fontanel retained in adults, six teeth in the outer pre-

maxillary row, 5.5 scales in transverse row between lateral line and

The African long-fin tetra Bryconalestes longipinnis (Gunther, 1864)
(Figure 1), is one of over 120 species in the Alestidae, the most
diverse of three characiform families endemic to Africa (Arroyave &
Stiassny, 2011; Calcagnotto et al., 2005). A relatively small-sized (c.
8-12 cm) alestid, B. longipinnis is recognised phenetically only by a

combination of morphological features including the presence of a

dorsal fin origin and 8.5-11.5 predorsal scales (Géry & Mahnert,
1977; Paugy, 1986; Paugy & Schaefer, 2007), but no autapomorphic
features are currently known to diagnose the species (Zanata & Vari,
2005). Widely distributed throughout coastal drainages of northern
West Africa, from Gambia to the Rep. Congo, but absent from the

Congo Basin (Figure 1), B. longipinnis is generally found in lower
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reaches of large rivers, including brackish waters of estuarine environ-
ments and it is the only Brycinus-like species known to penetrate small
rivers and streams, although such individuals are generally smaller
than those found in large rivers (Laléyé & Moelants, 2010; Paugy,
1982, 1986; Paugy & Schaefer, 2007). The species is of some eco-
nomic importance and is harvested both for subsistence consumption
and for the aquarium trade (Laléyé & Moelants, 2010).

Originally described as Brachyalestes longipinnis by Gunther
(1864), but most often referred to under the generic name Brycinus
Valenciennes 1850, the taxonomic history of B. longipinnis is convo-
luted. The name Bryconalestes was proposed by Hoedeman (1951) to
include Brycinus longipinnis longipinnis and Brycinus longipinnis chaperi,
in one of the earliest attempts at providing a classification scheme for
Brycinus and related genera. Subsequent authors investigating the tax-
onomy of Brycinus-like alestids, however, did not recognise
Bryconalestes, but rather retained the species within Brycinus (Géry &
Mahnert, 1977; Paugy, 1982, 1986). In what constitutes the sole revi-
sionary study of the group, Paugy (1986) proposed three species
assemblages within  Brycinus, identified as the ‘longipinnis’,
‘macrolepidotus’ and ‘nurse’ groups. These assemblages were delimited
phenetically, primarily based on the relative position of the dorsal fin
and fronto-parietal fontanel, body size and the number of teeth in the
outer premaxillary tooth row. Zanata and Vari's (2005) morphology-
based phylogenetic analysis of the Alestidae, however, redefined the
limits of Brycinus by assigning most species in Paugy’s ‘longipinnis’
group [i.e., Brycinus bartoni (Nichols & La Monte 1953), Brycinus der-
hami (Géry & Mahnert, 1977), Brycinus intermedius (Boulenger 1903),
B. longipinnis and Brycinus tholloni (Pellegrin 1901)] to a resurrected
Bryconalestes (see also Eschmeyer et al, 2018), a taxonomic
reassignment supported by phylogenetic hypotheses of alestid
intrarelationships based on DNA sequence data (Arroyave & Stiassny,

2011; Calcagnotto et al., 2005; Hubert et al., 2005).

FIGURE 1 Photographs of
Bryconalestes longipinnis showing
sexual dimorphism and map of the
species’ geographic distribution. (m),
Extent of occurrence; (%), Sampling
localities. Inset scale bar = 1 cm

Although considerable morphometric, meristic and pigmentation vari-
ation has been recognised among populations of B. longipinnis, this was
considered to be ‘clinal’ by Paugy (1982, 1986) and disregarded as evi-
dence for further taxonomic subdivision. While it is possible that
B. longipinnis is indeed a single, widely distributed, morphologically vari-
able species (Figure 2), recent studies of other such widespread African
freshwater fish species, including some of Africa’s most iconic fishes [e.g.,
the electric catfish Malapterurus electricus (Gmelin 1789) (Norris, 2002),
the African pike characin Hepsetus spp. (Decru et al., 2012, 2013, 2015),
the African butterflyfish Pantodon buchholzi Peters 1876 (Lavoué et al.,
2010) and the tigerfishes, Hydrocynus spp. (Goodier et al., 2011)] have
uncovered considerable actual or potential cryptic diversity. Furthermore,
alestid species are one of Africa’s notoriously difficult taxonomic groups,
characterised by problematic generic and species assignments mostly lac-
king morphological diagnoses, poorly defined geographic distributions
and a taxonomy that is in almost complete disarray (Schaefer, 2007;
Toham & Teugels, 1997). Therefore, it seems reasonable to consider the
possibility that species-level diversity in Bryconalestes may currently be
underestimated and that B. longipinnis corresponds to a complex of
genetically, morphologically and geographically distinct lineages.

To assess phylogeographic structure and possible cryptic diversity in
the widespread species B. longipinnis, this study employed DNA
barcoding, a molecule-based species identification method that, in ani-
mals, uses partial fragments of the mitochondrial cytochrome ¢ oxidase |
gene (col) as species tags and has proven effective at detecting both
described and undescribed fish species (Decru et al., 2016; Hubert et al.,
2008; Lara et al, 2010; Lowenstein et al., 2011; Valdez-Moreno et dl.,
2009; Ward et al., 2005). Specifically, comparative DNA sequence data in
the form of col barcodes are used here to test the hypothesis that
populations of B. longipinnis across its geographic range are indeed con-
specific, in which case col haplotypes should not be expected to differ
much more than the heuristic standard threshold of c. 3% sequence
divergence (Avise, 2000; Hebert et al., 2003, 2004; Pereira et al., 2013;
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FIGURE 2

Song et al, 2008; Ward, 2009) (exceptions to this heuristic threshold,
however, have been reported in African freshwater fishes such as the
Malawi haplochromine Cichlidae [Joyce et al, 2011; van der Walt et al,,
2017]). To investigate lineage and taxonomic differentiation further, varia-
tion was assessed using morphological data, including analysis of shape
variation via geometric morphometrics (GM). Such analyses have proven
to be useful tools for investigating morphological differentiation within
species complexes (O'Leary et al., 2016) and for providing supporting evi-

dence in delimitation of new species (Martinez et al., 2015).

2 | MATERIALS AND METHODS

Fishes were handled and euthanised prior to preservation in accor-
dance with recommended guidelines for the use of fishes in research
(Use of Fishes in Research Committee, 2014) and stress was amelio-
rated by minimising handling and through the use of the anaesthetic
MS-222 for euthanasia.

2.1 | Specimen sampling

Following the morphological criteria outlined by Paugy (1986), speci-
mens identified as B. longipinnis were sampled across a large portion of
the species’ distributional range, representing populations from drain-
age systems in Guinea, Liberia, Cameroon, Gabon, and the Rep. Congo
(Figure 1 and Table 1). Tissue vouchers from additional populations
from between Sierra Leone and Cameroon were unavailable for the
current study. Eighty-two individuals were used to generate DNA
barcodes (col sequences, 657 bp long; Table 1). In addition, 84 individ-
uals from the same geographical localities were used to generate com-

parative morphological data (Supporting Information, Table S1). While

Morphological variation in Bryconalestes longipinnis across drainages and groups (cluster-clades) representing potential cryptic
species: (a) American Museum of Natural History (AMNH) 263263, male, group |; (b) AMNH 259205, male, group Il; (c) AMNH 260951, male,
group II; (d) AMNH 263201, male, group lll; (€) AMNH 263184, female, group llI; (f) AMNH 257800, male, group IV; (g) AMNH 254050, male,
group 1V; (h) AMNH 263041, male, group VI; (i) OS 19395, female, group VII; (j) AMNH 253875, female, group VIII; (k) OS 19393, male, group
VIII; () AMNH 258328, female, group V; (m) AMNH 249831, male, group V; (n) OS 19397, male, group V; (0) AMNH 258139, male, group V;

(p) AMNH 258406, female, group V. Scale bar = 1 cm

most of the specimens sequenced for col were included in the morpho-
metric assessment, there was not perfect overlap between the two
datasets. This was due to the fact that some specimens used in the
molecular analyses exhibited deformation during preservation and were
not suitable for GM and similarly, tissue samples were not available for

all formalin-fixed, alcohol-preserved specimens.

2.2 | DNA extraction, amplification and sequencing
of col barcodes

Total genomic DNA was extracted from 95% ethanol-preserved tissue
samples (e.g., muscle, fin clips) using DNeasy Tissue Extraction Kit
(Qiagen; www.giagen.com) following the manufacturer's protocol.
Amplification and sequencing of col barcodes were carried out using
(1994) primers LCO1490 (5'-
GGTCAACAAATCATAA AGATATTGG-3') and HCO2198 (5'-
TAAACTTCAGGGTGACCAAAAAATCA-3'). DNA amplification by
PCR was performed in a 25 pul volume containing one Ready-To-Go
PCR bead (GE Healthcare; www.gehealthcare.com), 21 ul of PCR-
grade water, 1 pl of each primer (10 uM) and 2 pl of genomic DNA,

Folmer et al’s universal

under the following thermal profile: 5 min initial denaturation at 95°C,
followed by 35 cycles of denaturation at 95°C for 60 s, annealing at
42°C for 60 s and extension at 72°C for 90 s, followed by a 7 min final
extension at 72°C. Double-stranded PCR products were purified using
AMPure
Sequencing of each strand of amplified product was performed in a

(Agencourt, Beckman Coulter; www.beckman.com).
5 ul volume containing 1 pl of primer (3.2 pM), 0.75 pl of BigDye
Ready Reaction Mix (Gendx; www.gendx.com), 1 pl of BigDye buffer
and 2.25 pl of PCR-grade water. Sequencing reactions consisted of a
2 min initial denaturation at 95°C, followed by 35 cycles of denatur-

ation at 95°C for 30 s, annealing at 45°C for 60 s and extension at
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TABLE 1 Voucher specimens (catalogue, tissue numbers, locality data), col haplotype group, phenetic/phylogenetic group, and GenBank
accession numbers for the col sequences generated in this study and included in the analyses
col
Group  GenBank
(cluster/ accession

Catalog number Tissue-voucher number Country Basin Coordinates col haplotype clade) number

AMNH 258028  LIB-003 Liberia Sinoe 5°4 64" N,8°35 17.9" W 1 | MK592964
AMNH 263173 LIB-027 Liberia Sinoe 5°4/18.4" N,8° 33 122" W 3 | MK592944
AMNH 263206 LIB-113 Liberia Sinoe n/a 2 | MK593006
AMNH 263206 LIB-114 Liberia Sinoe n/a 4 | MK593007
AMNH 263206 LIB-115 Liberia Sinoe n/a 2 | MK593008
AMNH 263215 LIB-138 Liberia Sinoe 5° 6 30.3" N,8°2910.9" W 6 | MK593009
AMNH 263215 LIB-140 Liberia Sinoe 5° 6/ 30.3" N, 8° 29 10.9” W 5 | MK593010
AMNH 263215 LIB-144 Liberia Sinoe 5° 6/ 30.3" N, 8° 29 10.9” W 2 | MK593011
AMNH 263263  LIB-263 Liberia Sinoe 5°7'17.8" N, 8° 30 3.5” W 2 | MK593012
AMNH 254202 9099 (AMCC 226378)  Guinea Upper St. Pauls  7° 52" 47.2" N, 9° 04 582" W 7 I MK592956
AMNH 259205 AMCC 218453 Guinea Upper St. Pauls  7° 46/ 57.8” N, 9° 11’ 324" W 7 1l MK592995
AMNH 257804 297 (AMCC 221837) Guinea Kolente 9°51'"43.1” N, 12°30'49"W 9 1] MK592961
AMNH 257804 298 (AMCC 221838) Guinea Kolente 9°51'43.1” N, 12° 30' 49" W 10 1] MK592962
AMNH 257804 299 (AMCC 221839) Guinea Kolente 9°51'43.1” N, 12° 30" 49" W 10 1 MK592963
AMNH 260951  AMCC 220509 Guinea Kolente 9°57'47.1" N, 12° 49" 22" W 9 1] MK592997
AMNH 263184  LIB-034 Liberia Sinoe 5°4'8.6"N, 8 29 56" W 8 1] MK593001
AMNH 263184  LIB-037 Liberia Sinoe 5°4/8.6" N, 8° 29" 56" W 11 1 MK593002
AMNH 263190  LIB-063 Liberia Sinoe 5°2' 464" N, 8> 33 15.1" W 11 1] MK593003
AMNH 263201  LIB-093 Liberia Sinoe 5°5'31.0"N, 8° 32 341" W 12 11l MK593004
AMNH 263201 LIB-094 Liberia Sinoe 5°5'31.0" N, 8°32' 341" W 13 1 MK593005
AMNH 257800 AMCC 221600 Guinea Kolente 9°57' 394" N, 12° 48'38"W 15 v MK592957
AMNH 257800 AMCC 221601 Guinea Kolente 9° 57/ 39.4” N, 12° 48 38" W 15 v MK592958
AMNH 257802 AMCC 221625 Guinea Kolente 9° 57/ 39.4"” N, 12° 49./14" W 15 v MK592959
AMNH 257802 AMCC 221626 Guinea Kolente 9°57' 394" N, 12° 49'0.14" W 15 v MK592960
AMNH 260951 AMCC 220508 Guinea Kolente 9° 57" 471" N, 12° 49’ 22" W 15 v MK592996
AMNH 261781 AMCC 221612 Guinea Kolente 9° 57/ 52.2"" N, 12° 49’ 36" W 15 v MK592998
AMNH 254050 8970 (AMCC 230452)  Liberia St. Pauls 7°14' 553" N,9°16' 28.1" W 14 v MK592954
AMNH 254050 8971 (AMCC 230453)  Liberia St. Pauls 7°14' 553" N,9° 16/ 28.1" W 14 v MK592955
AMNH 258328 AMCC 211334 Rep. Congo  Coastal Plain 4°34'0.1”S,11° 48 16.3" E 25 \% MK592971
AMNH 258328 AMCC 211335 Rep. Congo  Coastal Plain 4° 3401”7 5,11° 48 16.3" E 20 \ MK592972
AMNH 258336 AMCC 211339 Rep. Congo  Coastal Plain 4°37'58.2"5,11°49' 256" E 22 \Y MK592973
AMNH 258336 AMCC 211340 Rep. Congo  Coastal Plain 4° 37" 58.2" S, 11° 49’ 25.6" E 23 \% MK592974
AMNH 258350 AMCC 211317 Rep. Congo  Coastal Plain 4°20'57.3"5,11°38' 11.7"E 27 \ MK592976
AMNH 258350 AMCC 211318 Rep. Congo  Coastal Plain 4°20'57.3"5,11° 38 11.77E 27 \Y MK592977
AMNH 258360 ° AMCC 211331 Rep. Congo  Coastal Plain 4° 19" 134" S,11° 37" 55" E 25 \% MK592978
AMNH 258360 AMCC 211332 Rep. Congo  Coastal Plain 4°19' 134" 5,11° 37' 55" E 21 \ MK592979
AMNH 258364 AMCC 211329 Rep. Congo  Coastal Plain 4°19'32.8"5,11°35 257"E 20 \Y MK592980
AMNH 258364 AMCC 211330 Rep. Congo  Coastal Plain 4°19'32.8"S,11° 35 25.7" E 27 \% MK592981
AMNH 258424 AMCC 211569 Rep. Congo  Coastal Plain 4°21'29.1”5,11°36'36.3"E 26 Vv MK592992
AMNH 258424 AMCC 211570 Rep. Congo  Coastal Plain 4°21'29.1" S, 11° 36’ 36.3" E 26 \% MK592993
AMNH 258140 AMCC 211337 Rep. Congo  Kouilou 4° 8 444" S,11°42' 48.1" E 25 \% MK592968
AMNH 258140 AMCC 211338 Rep. Congo  Kouilou 4° 8444”7 S,11°42' 48.1" E 25 Vv MK592969
AMNH 258147 AMCC 211343 Rep. Congo  Kouilou 4°1'59.6"S,11° 41’ 36.9" E 25 \% MK592970
AMNH 258383 AMCC 211566 Rep. Congo  Kouilou 4°2'1175,11°41' 36.2" E 25 \% MK592982
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TABLE 1

Catalog number
AMNH 258387
AMNH 258398
AMNH 258398
AMNH 258401
AMNH 258401
AMNH 258406
AMNH 258406
AMNH 258452
AMNH 258125

AMNH 258125

AMNH 258134

AMNH 258139

AMNH 258139

AMNH 258413

AMNH 258413

AMNH 253900
AMNH 253900
0S 19397
0S5 19871
AMNH 249831
AMNH 249551
AMNH 249561
AMNH 249561
AMNH 263041
AMNH 263130
AMNH 263477
AMNH 263489
AMNH 263489
0S 19394
0S 19395
AMNH 253875
AMNH 253875
AMNH 258346
AMNH 253934
0S 19392
0S 19393
0S 19396
0S 19398

(Continued)

Tissue-voucher number Country

AMCC 211582
AMCC 211575
AMCC 211576
AMCC 211587
AMCC 211588
AMCC 211585
AMCC 211586
AMCC 211589
AMCC 211326

AMCC 211327

AMCC 211336

AMCC 211320

AMCC 211321

AMCC 211578

AMCC 211579

8720

8721

BLS14-521
BLS14-122

6310 (AMCC 257287)
6257 (AMCC 257637)
6258 (AMCC 257650)
6259 (AMCC 257651)
AMCC 227162
AMCC 227302
AMCC 230238
AMCC 230252
AMCC 230253
BLS14-040
BLS14-041

8865 (AMCC 236034)
8866 (AMCC 236035)
AMCC 211333

8784

BLS14-047
BLS14-037
BLS14-031
BLS14-042

Rep. Congo

Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo

Rep. Congo
Rep.
Gabon

Gabon

Congo

Cameroon
Cameroon
Cameroon
Cameroon
Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Gabon
Gabon

Rep. Congo
Rep. Congo
Rep. Congo
Rep. Congo
Gabon
Gabon
Gabon
Gabon

Basin

Kouilou
Kouilou
Kouilou
Kouilou
Kouilou
Kouilou
Kouilou
Kouilou

Lake Koubambi
(Kouilou)

Lake Koubambi
(Kouilou)

Lake Yangala
(Noumbi)

Lake Yangala
(Noumbi)

Lake Yangala
(Noumbi)

Lake Youbi
(Kouilou)

Lake Youbi
(Kouilou)

Niari
Niari
Ogowe
Ogowe
Sanaga
Wouri
Wouri
Wouri
Loeme
Loeme
Loeme
Loeme
Loeme
Ogowe
Ogowe
Kouilou
Kouilou
Kouilou
Niari
Ogowe
Ogowe
Ogowe

Ogowe

Coordinates
4°2'1175,11°41' 36.2" E
4° 6' 5447 S,11° 40' 54.7" E
4° 6/ 5447 S,11° 40' 54.7" E
4°5'447"S,11° 39’ 59.1" E
4°5'447"5,11° 39 59.1" E
4°7'455"S,11° 43 21" E
4°7 455" S,11°43 21" E
4° 14272 5,11° 41 35.7" E
4°9'0.6"”S,11° 44’ 41.8" E

4°9'0.6"”S,11°44' 41.8" E

4°726.1"S,11° 35 48.9" E

4°7'25.8"S,11° 35 48.7" E

4°7'25.8"S,11° 35 48.7" E

4°11'10.1” S, 11° 39’ 58" E

4°11'10.1” S, 11° 39’ 58" E

3°51' 584" S5,12° 20 47.2" E
3°51' 584" S,12° 20 47.2" E
0° 46’ 21.11"” S, 12° 54' 42.19" E
0° 59/ 37.88"” S, 13° 31' 34.64" E
3°49'12.25" N, 10° 8 9.72" E
3° 59/ 52.33" N, 9° 50’ 57.97" E
4° 27 17.29" N, 9° 58’ 44.48" E
4°27'17.29" N, 9° 58’ 44.48" E
4°35'3.2"S,12° 6/ 35" E

4° 36/ 3275,12° 8 571" E

4° 39/ 32.9"S,12° 10' 21"0.2 E
4° 33 39.5”S5,12° 6'304"” E

4° 33 39.5"S,12° 6/ 304" E

0° 50’ 32.82" S, 12° 57" 44.96" E
0° 50" 32.82""' S, 12° 57 44.96" E
4°44805"S,12° 8 184" E
4°44805"S,12° 8 184" E
4°2633'0.1" S,11° 45 43.6" E
4°6'01”S,13° 03 38" E

0° 50’ 32.82" S, 12° 57" 44.96" E
0° 50’ 32.82"" S, 12° 57" 44.96" E
0° 50’ 32.82"” S, 12° 57" 44.96" E
0° 50’ 32.82" S, 12° 57" 44.96" E
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col haplotype
25
25
25
25
25
19
19
19
19

19

25

25

25

24

25

28
28
29
29
18
17
16
18
32
33
30
31
34
35
35
36
36
36
36
37
37
37
37

AMCC: Ambrose Monell CryoCollection (AMNH); AMNH: American Museum of Natural History; OS: Oregon State University.

Group
(cluster/
clade)

<K < K K K K K KK KL

<K <K K K K K K K<

< < < < <

\l

\l

Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil

col
GenBank
accession
number

MK592983
MK592984
MK592985
MK592986
MK592987
MK592988
MK592989
MK592994
MK592965

MK592966

MK592967

MK592942

MK592943

MK592990

MK592991

MK592951
MK592952
MK593021
MK593023
MK592948
MK592945
MK592946
MK592947
MK592999
MK593000
MK593013
MK593014
MK593015
MK593018
MK593019
MK592949
MK592950
MK592975
MK592953
MK593016
MK593017
MK593020
MK593022
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72°C for 4 min, followed by a 3 min final extension at 72°C. All
sequencing reactions were purified using CleanSEQ (Agencourt) and
electrophoresed on an Applied Biosystems 3700 automated DNA
sequencer (www.appliedbiosystems) in the American Museum of Nat-
ural History (AMNH) molecular systematics laboratories. Contig
assembly and sequence editing were performed using the software
Geneious 11.0.2 (Kearse et al., 2012).

2.3 | Assessment of col sequence variation and
estimation of genealogical relationships

In an effort to rule out potential specimen misidentification, tissue
mislabelling, or tissue/extract contamination issues, all barcodes gen-
erated were compared with reference sequences deposited in
GenBank using NCBI basic local alignment selection tool (BLAST;
Altschul et al., 1990; Johnson et al., 2008) and the best match was
taken as the closest estimate of taxonomic identity. Prior to analyses
of DNA sequence variation, col sequences were aligned using the
software MUSCLE (Edgar, 2004) under default parameters. Two
matrices of pairwise genetic distances were computed from the
aligned sequence data using the R (www.r-project.org) package ape
(Paradis et al., 2004; Popescu et al, 2012): one indicating absolute
(uncorrected) distances (p-distances) and another indicating corrected
(model-based) genetic distances. The latter was computed based on
the TN93 substitution model, which best fit the col data (of 24 models
evaluated) according to the Bayesian information criterion (BIC) as
implemented in jModelTest (Posada, 2008) under the following likeli-
hood settings: number of substitution schemes=3; base
frequencies = +F; rate variation = +| and + G with nCat = 4; and base
tree for likelihood calculations = fixed BIONJ-JC. The resulting
corrected distance matrix was used as input to generate an unrooted
tree (network) and a rooted tree (dendrogram) based on the neighbour
joining (NJ; Saitou & Nei, 1987) and the unweighted pair group
method with arithmetic mean (UPGMA; Sokal & Michener, 1958) hier-
archical clustering algorithms, respectively. Both NJ and UPGMA ana-
lyses were performed with the phangorn package in R (Schliep, 2010).
The number and identity of haplotypes was estimated from the
aligned sequence data using the pegas package in R (Paradis, 2010). A
haplotype network displaying relationships among col haplotypes was
inferred using the minimum joining network method (Bandelt et al.,
1999) as implemented in the software PopArt (Leigh & Bryant, 2015),
based on an absolute distance matrix calculated for all pairwise com-
parisons of haplotypes. In addition to distance-based methods for
assessment of genetic variation and relationships among alleles, a
character-based, phylogenetic approach, maximum likelihood (ML) in
this case, was used to infer evolutionary relationships among samples.
Phylogeny estimation via ML was carried out on the aligned col data
using RAxMI 7.2.8 Black Box (Stamatakis, 2006). Based on the find-
ings of Arroyave and Stiassny (2011), the alestid species Micralestes
acutidens (Peters 1852) (AMNH 239476; GenBank Accession Number
JF800942) was used as outgroup for the phylogenetic analysis.

2.4 | Assessment of phenotypic variation

GM was used to compare body shape variation in B. longipinnis from
across its geographic range. The aim was to identify potentially diag-
nostic features for samples from phylogeographic lineages revealed
by col data that principally corresponded to two major freshwater
ecoregions/ichthyofaunal provinces of continental Africa: upper
Guinea (UG) and lower Guinea (LG) (Abell et al., 2008; Roberts, 1975).
Eighty-four individuals were photographed in a standardised lateral
view, including 50 fish from UG and 34 from LG (Supporting Informa-
tion, Table S1). Sixteen homologous landmarks were digitised in
tpsDIG2 (Rohlf, 2015) and were used to describe body shape variation
in B. longipinnis. Some specimens displayed upward or downward
arching of the body as artefacts of preservation. The unbending func-
tion in tpsUtil (Rohlf, 2015) was used to remove this source of varia-
tion, fitting a quadratic curve to reference landmarks placed along a
true linear baseline and adjusting or unbending other landmarks,
accordingly (Valentin et al., 2008). For this, two temporary landmarks
along the lateral midline of the body were added, one at the base of
the caudal fin and another directly above the pelvic fin. These land-
marks were removed after unbending. Shapes were aligned in the R
package geomorph (Adams & Otarola-Castillo, 2013), using generalised
Procrustes analysis. Overall patterns of shape variation were visualised
with a principle component analysis paired with thin-plate spline analy-
sis to generate warp grids for displaying shape deformations at
extremes of principle component (PC) axes relative to mean shape.
Before making comparisons between geographic locations, the
effects of size on body shape (i.e., allometry), which could potentially
confound results, needed to be removed. Due to the presence of sex-
ual dimorphism in the examined specimens, a 10,000 permutation
multivariate analysis of covariance (MANCOVA) with shape grouped
by sex and log-centroid size as the covariate was first used to test whether
males and females had similar allometric slopes, such that a single function
could be used to adjust for size. Next, regressions of shape on log-centroid
size were performed, taking the residuals as size-corrected shape data
(Martinez & Sparks, 2017; McCord & Westneat, 2016). A MANOVA, with
significance based on 10,000 permutations, was used to compare whether
morphologies of allometrically-adjusted shape data differed between UG
and LG. Finally, region-specific shape variation of specimens, as indicated
by warp grids of group means, was used to identify linear dimensions for

further comparisons, using ANOVAs.

3 | RESULTS

3.1 | Geographic patterns of col divergence in
B. longipinnis

For all col sequences, the best nucleotide-nucleotide basic local-
alignment search tool (BLASTn) match corresponded to Bryconalestes,
probably ruling out major mislabelling, or contamination issues. With
respect to species identity, only 54 of the 82 col sequences had
B. longipinnis as top BLAST match; the remaining 28 samples closer
aligned with B. bartoni (21) and B. tholloni (7), respectively. From the
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sample of 82 individuals genotyped, a total of 37 col haplotypes were
identified (Table 1), 19 of which are singletons. Absolute pairwise
genetic distances among col haplotypes range from 0.15% to 15.22%,
indicating high genetic differentiation within and between haplotypes
from different, or the same, basins and ichthyofaunal provinces. Abso-
lute pairwise genetic distances among samples-sequences from the
same country are also high: Cameroon (<4.11%), Gabon (<11.06%),
Guinea (<6.85%), Liberia (<8.68%) and Rep. Congo (<10.5%). No pre-
mature stop codons, frameshifts, insertions, deletions, or heterozy-
gotes were detected, suggesting that the high levels of col divergence
are unlikely to be artefacts of having inadvertently sequenced nuclear
mitochondrial DNA (mtDNA) segments (NUMT; Song et al., 2008) or
nuclear pseudogenes. Patterns of overall similarity among haplotypes
(NJ tree) and among samples/sequences (UPGMA tree) are presented
in Figure 3. A haplotype network portraying genealogical relationships
among haplotypes is presented in Figure 4. Phylogenetic relationships
(ML gene tree) among sampled individuals as inferred from col
sequence data are presented in Figure 5. Both distance-based and
phylogenetic analytical methods identify eight clusters/clades (I1-VIII)
that diverge by more than 4% (p-distance) and therefore potentially
represent cryptic species (Figures 3 and 5). All methods identify two
major genetically distinct groups, c. 18% divergent (TN93 corrected
distance), corresponding with two identifiable ichthyofaunal prov-

inces: upper and lower Guinea (Figures 3-5).

3.2 | Geographic patterns of phenotypic variation in
B. longipinnis

A principle component analysis of body shape in the sampled speci-
mens of B. longipinnis reveals that the largest axis of diversity (PC 1) is
characterised mainly by differences in body depth, which are related
to sexual dimorphism (Figure 6). Females generally possess more slen-
der, streamlined bodies, whereas males tend to be deeper-bodied.
Along PC 2, fish from the different ichthyofaunal provinces (UG and
LG) overlap broadly at low values, but individuals from LG are found
at the largest scores on this axis and those from UG occupy the low-
est scores. However, there is no evidence of clear morphological sep-
aration based on geography for subsequent PCs. Across all specimens
evaluated, the test of slopes from a MANCOVA shows a significant
interaction between sex and size (P < 0.01), indicating that separate
allometric adjustments should be made on males and females (see
Supporting Information, Table S2 for regression results). In both males
and females, significant but weak differences in body shape between
UG and LG ecoregions were found. In males, regional differences
account for 12.5% of overall body shape variance (Fy34=4.84,
P <0.001) and only 4.6% in females (Fq 46 = 2.24, P < 0.05). Within
each sex, visualisation of shape changes with thin-plate spline ana-
lyses (Supporting Information, Figure S1) reveals a number of morpho-
logical features that potentially differ between the upper and lower
Guinean regions. In females, the depth of the caudal peduncle relative
to its length is significantly higher in fishes from UG (Figure 7). The
same was true for female eye diameter. In males, differences in mor-

phological features were apparent, with relative peduncle depth and
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anal and dorsal-fin base lengths being greater in fish from UG. In con-
trast, snout length was significantly higher in males from LG than
from UG.

4 | DISCUSSION

This study represents the first assessment of genetic and morphomet-
ric variation in the alestid B. longipinnis across its extent of occurrence.
col variation in samples from across the putative species’ geographic
range is considerably greater than the traditionally employed c. 3%
sequence divergence heuristic threshold for conspecifics (Avise, 2000;
Herbert et al., 2003, 2004). Despite all sampled individuals conforming
to the morphological criteria outlined by Paugy (1986) for identifica-
tion of B. longipinnis, only c. 66% of the samples top BLAST matched
with B. longipinnis, while the remaining c. 34% with closely related
species B. bartoni and B. tholloni. This finding, however, is not entirely
surprising considering that taxonomic identifications of vouchers in
online biodiversity repositories such as GenBank are not necessarily
completely reliable, especially for highly diverse and taxonomically dif-
ficult groups (Nilsson et al., 2006; Vilgalys, 2003).

Distance-based (Figure 3), network (Figure 4) and phylogenetic
(Figure 5) analyses of col variation all converge on significant genetic
differentiation across the range of the species, distinguishing eight
clusters/clades (I-VIII) that diverge by more than 4% (p-distance) and
are herein regarded as operational taxonomic units (OTU) rep-
resenting potential cryptic species of a B. longipinnis species complex.
Furthermore, all methods reveal a clear pattern of divergence, in
which two main clusters/clades corresponding to distinct ichthyofau-
nal provinces are identified: an upper Guinean (UG; Liberia, Guinea)
and a lower Guinean (LG; Cameroon, Gabon, Rep. Congo) grouping,
a result that supports the earlier findings of Paugy (1982). However,
within these groupings there seems to be no strong association of
haplotypes with countries or river drainages (Table 1). Within the
UG group for example, samples/haplotypes from river basins across
Guinea are interspersed with those from Liberia. Similarly, within the
LG group, samples/haplotypes from Gabon are scattered throughout
basins from the Rep. Congo, although samples from Cameroonian
drainages do appear to be distinct and more similar/closely related
to each other than to the remaining LG samples/haplotypes. The fact
that sympatric samples do not always cluster together but instead
appear to be more closely related to samples from other basins sug-
gests that, at smaller geographic scales such as basin and sub-basin,
genetic differentiation in B. longipinnis is not explained by geography.
Despite this lack of phylogeographic signal at local scales, there is a
remarkably high degree of col sequence divergence within most geo-
graphic units, again, greater than the empirical threshold values stan-
dardly expected for conspecifics.

The syntypical series of Brachyalestes longipinnis (BMNH
1864.3.16:2-7) is recorded as being from ‘Sierra Leone’ (Paugy, 1986)
and while it was possible to examine it in the present study, these
specimens were in relatively poor condition and unsuitable for mor-

phometric analyses. Similarly, it was impossible to obtain DNA
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FIGURE 4 Haplotype network portraying genealogical relationships among col haplotypes of Bryconalestes longipinnis

sequence data from them for inclusion in genetic analyses. Conse-
quently, it was not feasible to assign the types to any of the haplotype
lineages identified in the current study.

Assuming that B. longipinnis indeed corresponds to a monophyletic
assemblage independent from other Bryconalestes spp. and that all
specimens sampled in this study are members of that assemblage,
then the discovery of extremely high levels of col sequence variation
between putative conspecifics strongly suggests the presence of cryp-
tic diversity. These findings therefore imply that current taxonomy
represents a significant underestimation of species-level diversity
within the group. The discovery of high levels of col divergence in
B. longipinnis suggestive of cryptic diversity is not entirely surpris-
ing, considering that this is a widespread, taxonomically under-
studied and poorly diagnosed species. Certainly, a common
shortcoming of traditional taxonomic studies based solely on phe-
netic analysis of morphological variation, is to mistakenly regard as
conspecific morphologically similar but genetically (and ultimately
evolutionarily) distinct populations (Dayrat, 2005). Such failure to
recognise the existence of divergent lineages necessarily results in
an underestimation of diversity; a situation to which widespread,
morphologically homogeneous species of taxonomically neglected
groups are particularly prone (Gill & Kemp, 2002; Goodier et al.,
2011; Pyron & Burbrink, 2009; Manthey et al., 2011).

Other widely distributed African freshwater fishes with similar
taxonomic uncertainty have been shown to represent species com-
plexes when examined more closely and with broad geographic
sampling (Snoeks et al., 2011). Similarly, recent DNA barcoding sur-
veys aimed at assessing traditional morphology-based species iden-

tifications of fishes from the Congo basin (Decru et al., 2016)

documented high levels of genetic divergence in several species,
including the alestids Hydrocynus vittatus Castelnau 1861,
Brachypetersius altus (Boulenger 1899) and Brycinus imberi (Peters
1852). Morphometric examination of voucher specimens of
H. vittatus, however, did not reveal differences between genetically
divergent groups, implying the presence of cryptic diversity (Decru
et al., 2016). As in H. vittatus and P. buchholzi (Lavoué et al., 2010),
there appears to be a mismatch between levels of observed genetic
and morphological divergence within B. longipinnis. Continuing this
trend, a more recent study that barcoded almost 200 species of
African freshwater fishes from the Congo Basin and lower Guinea
regions (Sonet et al., 2018) reported high levels of intraspecific col
divergence and therefore inconsistencies between morphology-
based identifications and DNA barcode clustering. Most of these
inconsistencies were attributed to undescribed taxonomic diver-
sity, just as in the case of B. longipinnis reported here, and resulted
in the proposal of 17 putative new species (Sonet et al., 2018).
Likewise, similar to the findings of the present study, Sonet et al.
(2018) reported that, in most cases, samples corresponding to the
same morphospecies but from adjacent ichthyofaunal provinces
showed considerable levels of col divergence (up to 9.4%) while
remaining morphologically uniform. This pattern highlights the
importance of DNA barcoding studies and surveys aimed at prelimi-
narily testing species limits in widespread species, especially when
distributed across different biogeographic regions.

Body shape analyses based on geometric morphometrics were
focused on the identification of morphological differences in
B. longipinnis across its geographic range. Specifically, between

populations from upper and lower Guinean biogeographic regions,

FIGURE 3

(a) Patterns of overall similarity among haplotypes (neighbour-joining tree) and (b) among samples/sequences (unweighted pair

group method with arithmetic mean (UPGMA) tree) of Bryconalestes longipinnis. Horizontal axis in the UPGMA tree (dendrogram) indicates col
genetic divergence between samples and clusters (%) corrected (TN93) genetic distance
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which represented the primary divergence of lineages recovered from LG populations and while statistically significant differences were
col sequence data. Consistent with previous work using meristics observed, the ability to reliably utilise external body shape for regional
(Paugy, 1982, 1986), the present study found that shape data and lin- delimitation remains elusive. It is interesting, however, that shape vari-

ear measurements displayed considerable overlap between UG and ation due to sexual dimorphism was considerably more prominent
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FIGURE 6

Principle components (PC) 1 and 2 of body shape variation in Bryconalestes longipinnis. (@), Males; (@), females. Specimens from

upper and lower Guinea represented by closed circles and open circles, respectively. Landmarks used in this study (—e—) are shown in upper right
of plot and warp grids display shape change at PC extremes, relative to mean body shape

than that between geographic lineages of B. longipinnis, but such a
pattern is not without precedent. It is thought that under some condi-
tions, the processes leading to strong dimorphism could be antagonis-
tic to those promoting disruptive selection and eventually, speciation
(Bolnick & Doebeli, 2003). Regardless, a more extensive and detailed
evaluation of other morphological traits beyond external body shape
(e.g., meristic characters, skeletal anatomy) appears necessary to
establish whether compelling diagnostic morphological features do
exist between the divergent lineages of the B. longipinnis complex
uncovered in the present study.

The limitations of using a single mtDNA marker in taxonomic and
phylogeographic studies have been discussed extensively, and intro-
gressive hybridisation (among other evolutionary processes) repre-
sents a possible source of error. mtDNA introgression resulting from
the hybridisation of B. longipinnis with other Bryconalestes spp. could
explain some of the observed elevated levels of intraspecific col diver-
gence in the absence of profound morphological differentiation. On
the other hand, if the high level of cryptic diversity suggested by the
current study is real, hybridisation with differential introgression
between cryptic B. longipinnis lineages could be effectively blurring
morphological boundaries while maintaining elevated levels of col
divergence between them. At this stage, however, such hybridisation
scenarios are speculative and further research is needed to properly

test these hypotheses.

In conclusion, this study fails to corroborate the hypothesis that
B. longipinnis is, as implied by currently employed morphological
criteria, a single, widespread species. Instead the results support
the existence of a species complex of phenetically similar but
genetically and evolutionarily distinct entities, in which two major
phylogeographic lineages, encompassing the grouping of upper and
lower Guinean populations, can be distinguished. However, even
within each of these main geographical regions, levels of col
sequence divergence suggest that there may be as many as eight
cryptic species encompassed within the current concept of
B. longipinnis. While it is important to emphasise that DNA
barcoding is primarily a method designed to identify described spe-
cies and to provisionally recognise undescribed ones, not to define
them (Witt et al., 2006), the current study provides a much-needed
starting point for future revisional studies. The phylogeographic
structure revealed herein provides a framework that facilitates the
targeted sampling of exemplars for detailed morphological analyses
necessary to properly diagnose species, define species limits, and
ultimately clarify the taxonomy of the group. Thus, this study
underscores the utility of DNA barcoding as a tool for rapidly
assessing genetic intraspecific variation that could lead to the dis-
covery of cryptic diversity, either in the form of unreported
phylogeographic lineages or in the form of cryptic, undescribed

species.
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FIGURE 7 Violin plots displaying
variation in linear measurements made
on Bryconalestes longipinnis from upper
and lower Guinea. (——), Median

values; (), first and third quantiles.
Comparisons in females include: (a) the
ratio of caudal peduncle depth to
peduncle length and (b) eye diameter.
Male comparisons were made on the:
(c) caudal-peduncle depth-to-length
ratio, (d) snout length, (e) length of anal
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